Transcription by RNA polymerase I in Saccharomyces cerevisiae requires a series of transcription factors that have been genetically and biochemically identified. In particular, the core factor (CF) and the upstream activation factor (UAF) have been shown in vitro to bind the core element and the upstream promoter element, respectively. We have analyzed in vivo the DNAse I footprinting of the 35S promoter in wild-type and mutant strains lacking one specific transcription factor at the time. In this way we were able to unambiguously attribute the protections by the CF and the UAF to their respective putative binding sites. In addition, we have found that in vivo a binding hierarchy exists, the UAF being necessary for CF binding. Because the CF footprinting is lost in mutants lacking a functional RNA polymerase I, we also conclude that the final step of preinitiation-complex assembly affects binding of the CF, stabilizing its contact with DNA. Thus, in vivo, the CF is recruited to the core element by the UAF and stabilized on DNA by the presence of a functional RNA polymerase I.
INTRODUCTION
In the yeast Saccharomyces cerevisiae, the information for the rRNA is stored in a locus on chromosome XII, the rDNA (Petes, 1979) . The 35S gene localizes on the ribosomal locus as a tandem array of 150 -200 copies, each one separated by the Non Transcribed Spacer (NTS). Previous studies indicate that cells adjust the rate of rRNA transcription according to their requirement for protein synthesis (Waldron and Lacroute, 1975; Kief and Warner, 1981) .
Several cis-acting elements and trans-acting factors are known to coordinately assist transcription of rDNA by the RNA polymerase I. Moreover, a series of ancillary elements and factors have also been reported, but their ultimate roles in RNA polymerase I regulation have not been clarified yet.
The major DNA sequence elements involved in rDNA transcription are: the core element (CE; Musters et al., 1989; Kulkens et al., 1991; Keener et al., 1998) , the upstream promoter element (UPE), and the enhancer element (Elion and Warner, 1986; Morrow et al., 1993; Schultz et al., 1993) .
In a genetic screen for mutants that affect RNA polymerase I transcription, Nomura and collaborators isolated rrn mutants in yeast (Nogi et al., 1991) . rrn mutants were found to be affected in the RNA polymerase I subunits or in RNA polymerase I transcription factors. Extracts from rrn mutants, identified as RNA polymerase I transcription factors, were used for in vitro transcription assays on rDNA templates (Keys et al., 1994) . Purified factors can complement the mutant extracts, allowing transcription. This experimental approach showed that 1) the products of the RRN6, RNN7, and RRN11 genes form the core factor (CF), a complex that binds the CE and that is absolutely required for RNA polymerase I transcription (Keys et al., 1994; Lalo et al., 1996; Lin et al., 1996) ; 2) the RRN5, RRN9, and RRN10 gene products form the upstream activation factor (UAF) that binds the UPE; this factor is not essential, but it is stimulatory for 35S rRNA transcription and is directly involved in the recruitment of the CF to the promoter by interacting with the TATA-binding protein (TBP; Steffan et al., 1996; Steffan et al., 1998) ; 3) the RRN3 gene product represents an essential factor for the RNA polymerase I (Yamamoto et al., 1996) and acts by directly binding the RNA polymerase I. The exact role of Rrn3p has not been established, although it may be involved in the recruitment of RNA polymerase I or take part in the elongation process (Nomura, 1998; Reeder, 1999) .
The factors described above were found in a genetic screen (Nogi et al., 1991) for mutants that abolish RNA polymerase I transcription or reduce it to a very low level. However, other factors are required for rDNA transcription, although their presence is not essential. Reb1p, a factor involved in the termination of transcription, recognizes a specific DNA-binding site, two copies of which are present in the NTS of rDNA (Reeder, 1999) . We have recently reported the in vivo DNA footprint of Reb1p on the promoter (Vogelauer et al., 1998) . DNA topoisomerase I is also most likely implicated in rDNA transcription. Its presence in vivo in the NTS was assessed by in vivo DNAse I footprinting (Vogelauer et al., 1998) and by the detection of its cleavage sites using the DNA topoisomerase I inhibitor camptothecin (Vogelauer and Camilloni, 1999) .
In spite of the great detail of knowledge about RNA polymerase I transcription and regulation, a direct inspection of DNA-protein interactions occurring in vivo is still missing. By using the in vivo footprinting technique, we intend to show the binding sites for defined transcription factors in strains lacking the CF and UAF functions to unambiguously assign the footprints of these factors; in addition, we want to analyze possible interferences among specific factors, which can clarify the reciprocal roles of all factors in binding and assembling on the promoter to efficiently assist the RNA polymerase I.
MATERIALS AND METHODS

Yeast Strains, Plasmids, and Culture Media
The strains used in this study were NOY505 (Mata, 112, , NOY699 (Mata, 112, pNOY103, NOY558 (Mata, 112, and NOY604 (Mata, 112, pNOY103, which were kindly provided by M. pNOY102 was kindly provided by P. Thuriaux. All the strains were grown in complete YPGal medium (Sherman et al., 1983) with 3% galactose.
Enzymes and Chemicals
DNAse I and T4 polynucleotide kinase were purchased from Roche (Indianapolis, IN), Vent (exo Ϫ ) polymerase was from New England Biolabs (Beverly, MA), Zymolyase 100T was from Seikagaku (Tokyo, Japan), and radiochemicals were from Amersham (Arlington Heights, IL).
Preparation of Nuclei
Cells (150 ml grown to 0.4 OD 600 /ml) were centrifuged and resupended in 10 ml of a buffer containing 1 M sorbitol, 50 mM Tris-HCl, pH 7.5, and 10 mM ␤-mercaptoethanol, in the presence of 0.05 mg/3 ϫ 10 7 cells of Zymolyase 100T, and incubated for 10 min at 30°C. Spheroplasts were then washed once with 1 M sorbitol and resuspended in lysis buffer (18% Ficoll, 20 mM potassium phosphate buffer, pH 6.8, 250 M EDTA, 250 M EGTA, 1 M leupeptine, 1 mM phenylmethylsulfonyl fluoride, 0.15 mM spermine, 0.5 mM spermidine). Nuclei were prepared according to the method of Almer and Horz (1986) , with minor modifications.
DNAse I Treatment
Nuclei were resuspended in digestion buffer (15 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1.4 mM CaCl2, 200 M EDTA, 200 M EGTA, 1 M leupeptine, 1 mM phenylmethylsulfonyl fluoride, 0.15 mM spermine, 0.5 mM spermidine, 5 mM ␤-mercaptoethanol) and divided into 0.2-ml aliquots. DNAse I (3, 6, 12, 24 U) was added to each aliquot and the incubation was carried out at 0°C for 5 min. The reaction was stopped with 1% SDS and 5 mM EDTA (final concentrations). Proteinase K (40 g/sample) was added, and the samples were kept at 56°C for 2 h. The DNA was then purified by three phenol/chloroform extractions and ethanol precipitation, followed by RNase A treatment.
Primers
The r3 synthetic oligonucleotide used as primer in the extension reactions lies at positions Ϫ267/Ϫ248 base pairs (bp; r3) from the RNA initiation site (RIS) (sequence number ϩ 1; see also Figure 1 ). 5Ј-End labeling using [ 32 P]␥-ATP and T4 polynucleotide kinase was performed according to standard procedures (Sambrook et al., 1989) . The labeled oligonucleotides were purified by PAGE.
Multiple-Round Primer Extension and Detection of DNAse I Footprinting
Genomic DNA (0.1-0.2 g) was reacted with 5 U of Vent polymerase and 100,000 cpm of end-labeled oligonucleotide (specific activity, 1-2 Ci/pmol). The samples were cycled five times through the following steps: 95°C for 5 min, 69°C for 10 min, and 76°C for 3 min. The extension products were extracted with phenol, precipitated with ethanol, dissolved in formamide and dyes, and analyzed in 6% denaturing polyacrylamide gel. The DNAse I footprints were detected by autoradiography.
RESULTS
Genetic and biochemical studies in S. cerevisiae have demonstrated that a complex transcription machinery is assembled at the rDNA locus on the RNA polymerase I promoters (Nomura, 1998) . Our previous studies using in vivo footprinting (Vogelauer et al., 1998) revealed that the DNA regions, shown by other approaches to be bound by the RNA polymerase I transcription factors (Nomura, 1998) , are actually protected from the DNAse I digestion and that differences in binding exist when cells are grown in different conditions. To assign each footprint to each corresponding factor in vivo, we studied yeast mutants lacking specific RNA polymerase I transcription factors. We asked the following questions: Are the footprints on the CE and on the UPE maintained in CF or UAF mutants? Are the footprints sensitive to the presence of a nonfunctional RNA polymerase I and to the absence of essential transcription factors such as Rrn3p? Does a hierarchy exist in vivo in the transcription factors assembly?
Making use of the in vivo footprinting technique we are able to answer these questions and have determined an in vivo hierarchy of RNA polymerase I transcription factors.
Overview of the Promoter
All experiments reported below were performed by digesting with DNAse I nuclei from yeast strains differing in RNA polymerase I transcription efficiency because of a lack of specific transcription factors or RNA polymerase I defects. Figure 2 shows the footprints in the wild-type (WT) strain NOY505. The whole region was analyzed by primer extension of the oligonucleotide r3 (see scheme in Figure 1 for relative position). DNA from WT nuclei treated with increasing amounts of DNAse I (NOY505) was compared with a deproteinized genomic DNA, also treated with increasing amounts of DNAse I (DNA). The observed footprints reflect the protection of the putative binding regions for the CF, UAF, and Reb1 factors. A graphical representation is also reported in Figure 2 .
Analyses of Mutant Strains Affected in RNA Polymerase I Transcription
To better display the results obtained with the mutant strains studied, we report the footprints by dividing them into three separate subregions: the CE, the UPE, and the Reb1p-binding site. This subdivision allows a more detailed and comprehensive analysis of the differences existing among strains in each specific region.
Effects of Transcription Factor Deficiency
The CE Region To study the DNA protein interactions occurring on the RNA polymerase I promoter, we examined the DNAse I sensitivity of the region encompassing the RIS and the CE (ϩ8; Ϫ28/Ϫ38 bp from the 35S RNA initiation site; Musters et al., 1989; Kulkens et al., 1991; Keener et al., 1998) in yeast strains carrying different mutations that affect the RNA polymerase I transcription. In particular, the following strains were studied: NOY558, lacking the Rrn7p subunit of the CF complex (Keys et al., 1994) ; NOY699, lacking the Rrn5p subunit of the UAF complex .
All strains mutated in these transcription components are viable in galactose medium because of the presence of an episomal copy of the 35S rRNA under the GAL7 promoter (plasmid pNOY102 or pNOY103; Nogi et al. 1991) . Yeast cells were grown in YPGal to 0.4 O.D. 600 /ml, and nuclei were prepared (Almer and Horz, 1986 ) and subjected to DNAse I digestion. Figure 3 shows the comparison of the sensitivity to DNAse I digestion in the CE among three different strains: the reference WT strain (NOY505) and two mutant strains, one lacking the CF (NOY558) and one lacking the UAF (NOY699) complexes (A and B, respectively). After the in vivo enzymatic treatment with increasing amounts of DNAse I, the DNA was purified and subjected to linear amplification with Vent DNA polymerase, starting from the oligonucleotide r3 (position Ϫ267 bp, see Figure 1 ). The digestion profiles were compared with deproteinized DNA digested in vitro with different amounts of DNAse I and primer extended from oligonucleotide r3 (Figure 3 , samples marked as DNA), which reveals the intrinsic sensitivity of naked DNA to DNAse I. The CF footprinting in the WT background is clearly visible, and it covers the area between ϩ1 and about Ϫ45 bp, the putative binding site for the CF complex (ϩ8; Ϫ28/Ϫ38 bp; NOY505). A major hypersensitive site (white arrowhead) marks the upstream border of the protection, and the underlying area is protected to the DNAse I digestion (black arrowheads; compare NOY505 profile with the naked DNA). Analysis of the DNAse I sensitivity of the same region in the NOY558 strain lacking the Rrn7p, an essential component of CF, allows precise attribution of the footprinting to the CF itself. In fact, the mutant sample (NOY558) treated as the WT (NOY505) does not show the same DNAse I sensitivity. The upper enhancement and the protections are lost and a different pattern of cleavage by DNAse I is observed. This result indicates a strong change in the DNA-protein interactions occurring in this region in the absence of the Rrn7p component of the CF complex. This finding indicates that a functional CF is required to produce a clear in vivo footprinting on its putative binding region.
To evaluate the relevance of a functional UAF complex for the binding of CF, we studied the DNAse I sensitivity of the CE in a strain lacking UAF (NOY699, lacking Rrn5p). Also in this case, we were not able to detect the CF footprinting ( Figure 3B , NOY699) when compared with the WT and the naked DNA profiles. In this case, the hypersensitive site to DNAse I digestion (NOY505, white arrowhead) is missing; this suggests that the hypersensitive site is related to the presence of CF. In addition the whole CE region is clearly accessible to DNAse I cleavages. Moreover, this result shows that, even in the presence of a functional CF complex, no footprinting on CE is observed when UAF is absent.
The UPE We further extended our investigation to the UPE to analyze whether any differences are detectable when crucial transcription factors for RNA polymerase I (CF or UAF) are missing. Figure 4 shows the results for the UPE region located between Ϫ41/Ϫ51 and Ϫ146/Ϫ155 bp from the RIS, where UAF supposedly binds (Musters et al., 1989; Kulkens et al., 1991; Keys et al., 1996) . In Figure 4A samples treated with different amounts of DNAse I in WT (NOY505) and cf Ϫ (NOY558) nuclei are reported. Comparison with the pattern obtained by digestion of naked DNA in both strains reveals a clear footprint. In fact, enhancements of DNAse I cleavages, compared with the profile obtained with naked DNA, are visible (white arrowheads) at Ϫ70 and Ϫ160 bp, and protected areas (black arrowheads at positions Ϫ50/Ϫ70 and Ϫ90/Ϫ100 bp) are also observed. The mapping of UAF complex is, in addition, consistent with in vitro DNAse I protection experiments: using purified UAF and promoter DNA fragments, it has been found that UAF protects a region of rDNA promoter from approximately Ϫ110 to Ϫ45 bp, with a hypersensitive site at approximately Ϫ76 bp (Masayasu Nomura, personal communication). To attribute the footprint to the UAF complex, we analyzed a mutant strain lacking the Rrn5p (Figure 4B, NOY699) . In this case, it is possible to detect a loss of the footprint when the DNAse I digestion profile is compared with the WT or with the CF mutant strain (see below); the hypersensitive sites at positions Ϫ70 and Ϫ160 bp, clearly evident in the WT and cf Ϫ strains (NOY505 and NOY558, respectively, Figure 4A ), are completely missing in the UAF-deficient strain. Positions Ϫ50/Ϫ70 and Ϫ90/Ϫ100 bp become clearly accessible when UAF is missing ( Figure 4B, asterisks) . The results are consistent with the presence of an intact UAF complex, even in the absence of CF. In particular, the band mapping at Ϫ70 bp is diagnostic of the presence of UAF (see Figure 3 ) (white arrowheads). Also a weaker hypersensitive site is observed at Ϫ160 bp; this band marks the downstream border of the UAF complex.
Summarizing the data obtained from the transcription factor mutants, we can conclude that the footprinting in the CE region is observed only in the WT strain (NOY505), whereas the protections are lost in both the CF and the UAF mutants (NOY558 and NOY699, respectively). As far as the UPE is concerned, the footprinting is observed in the WT and CF mutant strains and is lost in the UAF mutant strain. These results are consistent with a hierarchy of binding for the UAF and CF complexes, suggesting that the presence of UAF facilitates binding of CF, whereas a lack of CF does not affect the UAF binding (see DISCUSSION).
Effects of a Nonfunctional RNA Polymerase I
The CE Region To better understand the dynamics of rDNA transcription and factor binding in the previously shown regions, we studied two additional mutants in which RNA polymerase I function is suppressed, namely, the D128-1d strain, lacking the subunit A43 of the RNA polymerase I (Thuriaux et al., 1995) and the NOY604 strain lacking Rrn3p, a factor essential for RNA polymerase I transcription (Yamamoto et al., 1996) . When the strain D128-1d treated in vivo with DNAse I was analyzed ( Figure 5A , D128-1d), we again observed the loss of the CF footprinting, as is evident by comparison with the WT profile ( Figure 5A , NOY505). Hypersensitivity and protections (white and black arrowheads, respectively) appear profoundly different. This result suggests that when a functional RNA polymerase I is missing the efficient binding of CF is also lost, the footprinting being very similar to that obtained in the absence of the CF complex (see Figure 3A, NOY558) . We then asked whether in the absence of the Rrn3p a difference in the DNAse I accessibility to DNA exists. In Figure 5B , the analysis of the NOY604 strain lacking Rrn3p is reported. As is the case with D128-1d, in this strain the footprinting due to the CF complex is also lost ( Figure 5B, NOY604) . The diagnostic band in the upper part of the footprinting (around position ϩ1) is clearly weakened, and the underlying area is more accessible to DNAse I in comparison with the WT profile.
The UPE We next investigated whether the transcription dynamics may interfere with UAF binding to the UPE. Therefore, we analyzed the footprinting on the UAF-binding site in the same mutants, D128-1d and NOY604. When nuclei from D128-1d were treated with DNAse I ( Figure 6A , D128-1d), a very similar pattern is observed with respect to the WT (Figure 6A, NOY505) . The footprinted area encompassing the region from Ϫ50 to Ϫ160 bp is the same in both cases, with diagnostic hypersensitive bands (white arrowheads) positioned at Ϫ70 and Ϫ160 bp. A very similar profile is obtained with mutant cells lacking the Rrn3p (Figure 6B , NOY604). Also in this case, the protected area is characterized by two hypersensitive sites (white arrowheads) and by a region protected from DNAse I cleavage (black arrowheads). The clear similarity among NOY505, D128-1d, and NOY604 indicate that the UAF binding is not affected by the presence (WT, efficient transcription) or absence (D128-1d, NOY604, transcription deficient) of a functional RNA polymerase I. The data concerning the transcription activity and the UAF footprinting indicate that this factor remains bound to DNA also when transcription does not occur.
Additional Factors: Analysis of the Reb1p-binding Site
In our previous investigations, we showed (Vogelauer at al., 1998) a footprinting on the putative binding site of the Reb1 protein at positions Ϫ222/Ϫ199 bp from the RIS. This result is confirmed also for NOY505 cells grown in galactose medium (Figure 2 ). Moreover we reported the binding and activity of DNA topoisomerase I at position Ϫ171 bp from the RIS (Vogelauer et al., 1998; Vogelauer and Camilloni, 1999) . This latter protection is not detectable when cells are grown in a medium containing galactose as carbon source (see Figure 2) .
We further explored, in terms of binding to DNA, the correlation between these factors (Reb1p and DNA topo- isomerase I) and the different genetic contexts that we have analyzed so far. The data reported in Figure 7 indicate that, in all five strains studied, the putative binding site for the Reb1 protein (ϳ220 bp upstream of the transcription start) is always protected from DNAse I digestion, when compared with naked DNA. This result suggests that the Reb1p binding to its cognate sequence is not affected by the component of the transcription machinery or by the transcriptional dynamics.
As far as DNA topoisomerase I is concerned, we do not observe footprinting for this enzyme in any of the strains. Actually, as we reported previously (Vogelauer et al., 1998) , this footprinting is strictly dependent on the composition of the culture medium. The strains analyzed in this work were all grown in galactose, and these different growth conditions may explain the lack of footprinting previously revealed in a glucose-containing medium.
DISCUSSION
The aim of this work is to investigate the DNA-protein interactions occurring in vivo on the 35S rDNA promoter in S. cerevisiae when transcription is altered by mutations affecting either transcription factors or RNA polymerase I functioning. The in vivo footprinting methodology reveals the identity of protected regions (by using specific mutants) and recognizes mutual interactions among factors (when specific component are missing).
Identification of Specific Footprints
The interactions among RNA polymerase I transcription factors UAF, CF, and Rrn3p and the transcriptional machinery have been shown in great detail, both in genetic assays and in purified systems (Nomura, 1998; Reeder, 1999) . In addition, we reported an in vivo footprinting analysis of the 35S RNA promoter showing protections lying in the putative binding regions of these factors (Vogelauer et al., 1998) . The first question we asked in this work concerns the identification of those footprints to assign specific factors to each protected region. To clarify this issue we have studied mutant strains lacking specific factors by in vivo footprinting and compared the profiles with a WT strain (NOY505). When we looked at the CE in the NOY505 strain, we observed a clear footprint (compare NOY505 samples with DNA in Figure 2 ) in the area defined as CE. When a strain lacking Rrn5p, a subunit of the CF, is analyzed ( Figure 3A , samples NOY558), the footprinting is lost and the DNAse I gains access to DNA compared with WT ( Figure 3A , NOY505 samples). Because in the strain defective for a functioning CF no protections are detectable in the CE region ( Figure 4A, NOY558) , we conclude that the protection in this area is due to the CF complex. We also analyzed the CE when Rrn7p, a component of the UAF complex, is missing (NOY699). Also in this case ( Figure 3B , NOY699 samples) a loss of protection is observed when the profile is compared with the WT ( Figure 3B, NOY505 samples) . We conclude that, even in the presence of a functioning CF (strain NOY699), its binding to the cognate sequence is prevented in the absence of UAF. This fact is in agreement with the reported observations , according to which the recruitment of the CF on the CE in vitro is dependent on the UAF binding; therefore, in a strain lacking the UAF the CF footprinting is expected to be lost. More recently Reeder's group (Aprikian et al., 2000) showed that the over- Figure 3 ). NOY505, D128-1d, NOY699, NOY558, and NOY604 samples were treated in vivo (as in Figure 3 ) with increasing amounts of DNAse I (triangles) in different mutant strains. The schematic drawing indicates the putative Reb1p-binding region.
expression of TBP in strains UAF deficient (rrn5) stimulates CF-dependent transcription at nearly the WT level in vivo; this is also shown in vitro. Furthermore, these observations suggest that binding of the CF to the CE requires the UAF or a high level of TBP.
We next analyzed the UPE to identify the UAF footprinting. In Figure 2 we show the WT UAF footprint on the UPE. However, most of the protections toward DNAse I in the promoter area (both in the CE and UPE) are less pronounced when compared with those reported in our previous investigation (Vogelauer et al., 1998) . In the present study all strains used were grown in galactose medium, whereas previously we used another WT strain grown in a glucose-containing medium. We hypothesize that the difference in the intensity of the footprints is due to the growth rate (Vogelauer et al., 1998) ; the incomplete protection could be due to a partial occupancy of the binding factors on the repeated units. This interpretation is in agreement with the data indicating that only a fraction of the units is transcriptionally active (Dammann et al., 1993) . In the WT and NOY558 (CF deficient) strains (Figure 4A ), the UPE is protected and also a diagnostic hypersensitive site at Ϫ70 bp from the RIS is present; moreover, the region at Ϫ50/Ϫ70 bp is clearly protected from DNAse I digestion (black arrowheads). Conversely, the DNAse I can freely gain access to this region in the NOY699 (UAF deficient) strain ( Figure 4B , samples NOY699), and the specific enhancement of cleavage is lost. This observation indicates that the footprinting on the the UPE region is not influenced by the absence of the CF (NOY558). We can therefore unambiguously attribute the identity of the in vivo protection reported on the UPE to UAF. The in vitro mapping of the UAF complex indicates protection of a region of rDNA promoter from approximately Ϫ110 to Ϫ45 bp with a hypersensitive site at approximately Ϫ76bp (Masayasu Nomura, personal communication).
Transcriptional Dynamics
The analysis of the protections from DNAse I digestion has been extended to two additional mutants in which a functioning RNA polymerase I is lacking. The first strain lacks the A43 subunit of RNA polymerase I and the second is defective in the Rrn3p, an essential component known to bind RNA polymerase I (NOY604, Yamamoto et al., 1996; Keener et al., 1998) . When the strain D128-1d is analyzed ( Figure 5A ) we observe loss of footprinting on the CE (compare with the same region on WT, Figure 5A , NOY505 samples). Also, in the NOY604 strain lacking the Rrn3p, the protection on the CE area is lost. We conclude that the CF binding to DNA is stabilized by the presence of a functional RNA polymerase I (WT and in the presence of the Rrn3p). Most likely, the correct RNA polymerase I activity stabilizes the CF binding on the CE. The study of the protections on the UPE in the D128-1d and NOY604 strains (Figure 6 ) reveals that the UAF footprinting is maintained even if the RNA polymerase I is missing or lacking the Rrn3p component. This shows that binding of the UAF is independent of the presence of a functional RNA polymerase I. These data are consistent with the observations reported on binding efficiency of purified factors that demonstrated the higher affinity of the UAF for DNA compared with the CF Steffan et al., 1996) . Based on our results we can also suggest that the final binding of the CF to DNA is conditioned by the RNA polymerase transcription machinery.
RRN3 Function
The RRN3 gene product has been reported to be an essential component of the RNA polymerase I transcriptional apparatus (Yamamoto et al., 1996) . Two hypotheses have been formulated about its function (Nomura, 1998) : it may work as an RNA polymerase I recruitment factor (alike transcription initiation factor IC [TIF-IC]; Schnapp et al., 1994) or as an elongation factor. Our data are consistent with a role for Rrn3p as a recruitment factor, based on the observations that the CF footprinting in NOY604 is lost. Being the complete footprinting of the CF on the CE diagnostic of an efficient and completely assembled transcription complex, we suggest for the NOY604 strain an incomplete recruitment of factors. However, additional experimental data are needed to support this hypothesis.
Reb1 Binding
In all strains analyzed we observed a constant footprinting (Figure 7 ) on the Reb1p putative binding site lying ϳ200 bp upstream of the 35S RNA start site. Although we cannot confirm by mutant analysis the identity of this footprinting, because strains defective in the Reb1p are not viable, we can conclude that none of the mutations affecting transcription by RNA polymerase I studied in this work has an effect on the protection observed; this indicates a nondirect involvement of this factor in RNA polymerase I transcription. This conclusion is consistent with the data reported on the transcription efficiency of strains carrying a mutation in Reb1p-binding site; the transcription rate of RNA polymerase I in these conditions is lowered by a factor of two (Kulkens et al., 1992) , confirming the nonessential role of Reb1p for RNA polymerase I transcription.
We conclude that in vivo the CF and UAF bind the CE and UPE, respectively, as revealed by loss of protection to DNAse I in the corresponding mutant strains. Furthermore, our analysis shows that among factors a binding hierarchy exists, being the UAF presence essential for the CF binding but not vice versa. The data shown are in agreement with previously reported genetic and biochemical studies (Nomura, 1998 ). In addition, evidence is provided for a role of RNA polymerase I in affecting the CF binding. In addition, the assembly of a complete and efficient transcriptional apparatus is relevant for the CF binding, this factor being stabilized on the CE only in conditions in which transcription occurs at a high rate (Vogelauer et al., 1998) . According to the last observation we consider the CF the last element required to turn the preinitiation complex into the active transcribing complex.
